ABSTRACT -Changes in the oxygen isotopic composition of the planktonic foraminifer Globigerinoides ruber and in the foraminifera faunal composition in a core retrieved from the southeastern Brazilian continental margin were used to infer past changes in the hydrological balance and monsoon precipitation in the western South Atlantic since the Last Glacial Maximum (LGM). The results suggest a first-order orbital (precessional) control on the South American Monsoon precipitation. This agrees with previous studies based on continental proxies except for LGM estimates provided by pollen records. The causes for this disagreement are discussed.
INTRODUCTION
Among all the atmospheric components, precipitation is probably the most critical one with the largest social and economic impacts (Carvalho et al., 2002) . Both excess (floods) and insufficient (droughts) rainfall affect food (agriculture), freshwater and energy supplies. The last is particularly important in countries with a strong dependence on hydroelectrical energy, such as Brazil.
Most of the precipitation in southeastern Brazil is related to the South American Monsoon System (Zhou & Lau, 1998) . The present day variability in precipitation has been the subject of numerous recent studies (e.g. Robertson & Mechoso, 2000; Zhou & Lau, 2001; Carvalho et al., 2004; Kayano & Andreoli, 2007) . However, fewer studies have investigated the paleo record of precipitation variability on longer timescales in this region. How severe were the changes in precipitation in southeastern Brazil during the late Pleistocene and Holocene? Previous research has concentrated on continental areas with studies based on speleothems (e.g. Cruz et al., 2005a Cruz et al., ,b, 2006 and pollen records (e.g. Behling, 2002; Behling et al., 2002 Behling et al., , 2007 . Studies based on lake levels, diatom sequences, pollen, and charcoal at the Altiplano (e.g. Baker et al., 2001a,b; Paduano et al., 2003; Tapia et al., 2003) also provide an insight into the broader scale rainfall regime in South America. In order to provide a more complete view of monsoon precipitation, this study focused on the ocean sediments from the southeastern Brazilian continental margin.
Abundant marine evidence of past changes in precipitation is related to the supply of terrigenous sediments; however, in the study area, the Serra do Mar coastal mountain range prevents a significant supply of sediments to the continental margin. Most changes in the supply of terrigenous sediments in this area are related to sea-level changes that exposed the continental shelf during the glacial low sea-level stand favoring an increased supply from land. Pollen analyses in marine cores are also used to infer past hydrological changes. However, since onshore winds are dominant in this area, marine pollen records are also dependent on the fluvial input .
P R O V A S
In this study we used the estimates of Toledo et al. (2007) for the oxygen isotopic composition of seawater for the past 22 ka from core SAN-76, retrieved from the southeastern Brazilian continental margin. Changes in the oxygen isotopic composition of seawater depend on both atmospheric fluxes and ocean circulation, but since atmospheric fluxes seem to be the primary controlling factors (Juillet-Leclerc et al., 1997) , we used them to infer past changes in the hydrological balance. Furthermore, given that in the Atlantic Ocean the precipitation-evaporation balance closely reflects the rainfall distribution because of the much smaller variation of evaporation compared to precipitation (Tomckzak & Godfrey, 2003) , we assumed that most of the isotopic changes are linked to precipitation variations. Our data are compared with several other marine and continental paleorecords.
The time period investigated in this study involves a wide range of climatic conditions from the Last Glacial Maximum (LGM) to the present interglacial. The location chosen for our study is strategic since the analyzed core is located below the South Atlantic Convergence Zone (SACZ), and thus, the site is under the influence of monsoon precipitation.
PRESENT SETTING
The surface hydrography of the area is dominated by the Brazil Current, which moves southward along the shelf break, transporting warm and high salinity tropical water to the area. The sea surface temperature (SST) averages 24ºC, with seasonal variations of 4ºC. Annual mean sea surface salinity (SSS) is 36.5 (Levitus & Boyer, 1994) .
Precipitation in southeastern Brazil shows a clear seasonal pattern with most of the precipitation occurring during the warm season (from late September to April) associated with the South America Summer Monsoon (SASM). In winter, precipitation is of extratropical nature and associated with an enhanced frequency of migratory cyclones along the subtropical Atlantic coast (Gan & Rao, 1991) . Figure 1 shows the contrasting precipitation patterns between summer (monsoonal) and winter rainfall.
The major features of the SASM are schematically represented in Figure 2 . Like all monsoon systems, the SASM is forced by the seasonally evolving land-sea thermal contrast. The upper-level circulation includes a large anticyclonic circulation centered near 15°S/65°W and an upper-level trough near the coast of northeast Brazil (the "Nordeste Trough") (Vera et al., 2006) . At low levels, a pronounced pressure low in the Gran Chaco area starting in early spring in response to rapid surface heating results in a well-developed low-level cyclone (the "Chaco low") during summer. The resulting pressure gradient between the south Atlantic subtropical high and the "Chaco low" favors northeasterly flow and related moisture fluxes from the Atlantic onto the continent . Moisture transport intensifies locally along the eastern scarp of the Andes, where the South American Low-Level Jet develops with strongest winds over Bolivia. Since moisture flux over the continent is regulated by easterly trade winds resulting from the equatorial branches of the North and South Atlantic subtropical highs, variations in location and intensity of these and concomitant SST variability influence the South American climate .
Today, the mature phase of the SASM occurs from late November through late February, when the main convective activity is centered over central Brazil and linked with a band of cloudiness and precipitation extending from southern Amazonia toward southeastern Brazil and the surrounding Atlantic Ocean. This convective precipitation band is the South Atlantic Convergence Zone (SACZ) (Kodama, 1992; Carvalho et al., 2002 Carvalho et al., , 2004 Vera et al., 2006) . The SACZ modulates the intensity and location of summer rain, exhibiting substantial changes in its strength and geographical extension on multiple timescales Carvalho et al., 2004) . The position and strength of the SACZ is largely influenced by the low-level wind regime which advects warm, moist air from the northwest and cool dry air from the southeast (Lenters & Cook, 1999) . The decay phase of the monsoon begins as convection shifts gradually northward toward the equator accompanying the decrease in solar heating over subtropical South America.
Compared to the well-known East Asian Summer Monsoon, the SASM is weaker and has a shorter life span. The reason is shorter and lower-altitude of the Altiplano Plateau (compared to its counterpart Tibetan Plateau) and its lowerlatitude location which causes the reduction of the efficiency of vorticity generated by horizontal divergence (Zhou & Lau, 1998) . However, the SASM accounts for over 80% of the annual mean precipitation at the center of the SACZ activity at about 23°S, over Rio de Janeiro city (Cruz et al., 2006) .
MATERIAL AND METHODS
Piston core SAN-76 was retrieved at the western South Atlantic Ocean at 24°26'S and 42°17'W at a water depth of 1,682 m ( Figure 1 ). Twenty-three samples were analyzed. The age model and estimates of past changes in the isotopic composition of seawater were obtained from Toledo et al. (2007) . Briefly, Toledo et al. (2007) used changes in the oxygen isotopic composition of the planktonic foraminifer Globigerinoides ruber to infer past changes in the oxygen isotopic composition of seawater after removing the temperature effect using the paleotemperature equation of Kim & O'Neil (1997) and Wang et al.'s (1995) calibration between isotopic and real temperature for G. ruber in the low-latitude Atlantic. Subsequently, the global ice-volume effect was subtracted from the signal using estimates from Labeyrie et al. (1987) . Paleo sea surface temperature (SST) estimates were based on the application of the SIMMAX-MAT method on foraminiferal census counts (Pflaumann et al., 1996) performed on samples of at least 300 specimens of the >150 mm fraction. The final error associated with the isotopic composition of seawater estimates is around 0.4 %. Toledo et al.'s (2007) chronology was based on the correlation of the isotopic record of benthic foraminifera with the SPECMAP chronology of Martinson et al. (1987) four Accelerator Mass Spectrometer radiocarbon datings on samples of the monospecific planktonic foraminifer Globigerinoides ruber (>250 mm size). The 14 C-AMS datings were performed at the NOSAMS-WHOI laboratory facility, and all the 14 C ages were corrected for a reservoir effect of 400 years (Bard, 1988) and transformed into calendar years (Table 1) .
All isotope analyses were performed at the Woods Hole Oceanographic Institution (WHOI) laboratory facilities, using a Finnigan MAT252 with the automated Kiel device. The standard deviation of the isotope values of the National Bureau of Standards (NBS) carbonate standard NBS-19 was 0.08%. NBS-19 isotope values were used to calibrate to Pee Dee Belemnite (δ 18 O = -2.2 Vienna Pee Dee Belemnite, VPDB). Data on the oxygen isotopic composition of planktonic foraminifera are based on the analysis of ten specimens of Globigerinoides ruber (white) larger than 212 mm in size in order to avoid size-dependent effects on the oxygen isotopes values.
RESULTS AND DISCUSSION
As discussed by Toledo et al. (2007) , the oxygen isotopic record of planktonic foraminifera of core SAN-76 suggests that during the late Pleistocene and Holocene, the western tropical South Atlantic experienced significant hydrographic changes. Figure 3 presents the estimates of paleotemperature and paleo-oxygen isotopic composition of seawater for the past 22 ka (Toledo et al., 2007) . Consistent with recent studies (e.g. Otto-Bliesner et al., 2008; MARGO Project Members, 2009) , the estimates suggest that tropical cooling during the LGM was relatively modest (around 2ºC). This change is larger than the one previously suggested by CLIMAP (1976 CLIMAP ( , 1981 but significantly smaller than other estimates based on continental data such as noble gases (Stute et al., 1995) and palynological records (e.g. Behling & Lichte, 1997) . As expected, the highest temperatures occurred in the Holocene, between 4 and 6 ka BP and in present conditions, and the lowest temperatures occurred at the LGM, around 21 ka BP.
Since temperature seems to have been relatively stable, the hydrographic changes recorded by the oxygen isotopic composition of planktonic foraminifera, must have been related to salinity changes which are primarily the result of Table 1 . Radiocarbon age control points obtained by accelerator mass spectrometry (AMS) (according to Toledo et al., 2007 
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the local hydrological balance. Secondarily, the large-scale circulation could be responsible for some of the observed changes in the oxygen isotopic composition of seawater. The influence of ocean circulation would be through changes in the strength of the Meridional Overturning Circulation (MOC). For instance, during the deglacial meltwater events, a weakening of the thermohaline overturn would cause a reduction in the northward advection of warm, saline surface waters and, thus, a heat and salt accumulation in the upper layers of the tropical ocean (Manabe & Stouffer, 1997; Rühlemann et al., 1999; Dahl et al., 2005) . However, the maximum warming anomaly would have probably occurred at intermediate water depths rather than in the most superficial waters because of the air-sea process which would dampen the SST response (Dahl et al., 2005) . This means that an increase in SSS related to the ocean circulation would not necessarily be accompanied by a SST increase. The gradual decrease in the oxygen isotopic composition of seawater during the Holocene (Figure 3) is consistent with the intensification of the thermohaline circulation which would reestablish the heat and salt export to the northern Atlantic causing a freshening of the tropical Atlantic. However, since we believe that the hydrological balance is the most important factor determining the oxygen isotopic composition of seawater, we hypothesize that besides the role of the MOC intensification, the gradual freshening of the tropical Atlantic during the Holocene could also be related to increased precipitation.
Considering that most of the precipitation in the study area is related to the SASM and the influence of changes in summer season insolation on the strength of monsoon climates has long been recognized and documented by climate models (e.g. Kutzbach & Otto-Bliesner, 1982; Prell & Kutzbach, 1987; Valdes & Glover, 1999; Liu et al., 2003b) , we compared the oxygen isotopic composition of seawater (after excluding the global ice volume effect) with summer insolation (Figure 4) . The general agreement between estimates of the oxygen isotopic composition of seawater and summer season insolation supports the idea of the oxygen isotopic record of seawater reflecting solar induced changes in precipitation related to the intensity of the SASM. Higher (lower) insolation translates into an enhanced (decreased) temperature (and thus, pressure) contrast between land and ocean, and a stronger (weaker) monsoon leads to increased (decreased) precipitation.
Based on Figure 4 , we deduce that maximum precipitation occurred around the LGM and during the late Holocene and that minimum precipitation occurred around 12 ka BP when 
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the Earth was farther from the sun in December and the continent did not warm up as much as today during the austral summer. The reduced land-sea thermal contrast around 12 ka BP would have caused a weakening of the SASM and thus, decreased precipitation. As expected, this pattern is opposite to the one documented for the North African monsoon where the early Holocene was characterized as a humid phase known as the African Humid Period (Roberts, 1998) . This humid period was caused by the increased summer insolation in the Northern Hemisphere which brought significant rainfall to today's Sahara desert supporting a landscape of grasslands, lakes and wetlands (COHMAP Members, 1988) . Similarly, wetter-than-today conditions during the Early Holocene in southwestern North America (e.g. Bird & Kirby, 2006; Kirby et al., 2007) and China (e.g. An et al., 2000) are related to the enhanced North American and Asian monsoons.
Despite the general agreement between the stronger/ weaker monsoon systems from opposite hemispheres, the correlation is not perfect because, as demonstrated by both paleoclimate proxy data and models, the response of monsoon systems to insolation is not linear and because it differs substantially between regions due to feedbacks related to vegetation cover, surface ocean temperature, and moisture availability (e.g. Kutzbach & Guetter, 1986; Kutzbach et al., 1996; Kutzbach & Liu, 1997; Claussen et al., 1999; de Menocal et al., 2000; Carrington et al., 2001; Liu et al., 2004) . These feedbacks may significantly amplify or dampen the initial insolation forcing. Although the understanding of those feedbacks is constantly being improved thanks to climate models which have evolved from low-resolution atmosphereonly models to complex coupled land-atmosphere models, many important questions remain open, especially for monsoons outside the North African-Asian region (Liu et al., 2003a) .
As seen in Figure 4 , late Holocene values of the isotopic composition of seawater were lower than LGM values. Although this difference is within the error of the method, it could be related to higher precipitation conditions in the late Holocene than during the LGM. This, in turn, could be the result of global-scale feedbacks related to glacial conditions, including the large changes in greenhouse gases, aerosols, ice sheets, sea level and vegetation, although according to modeling studies (Kutzbach & Guetter,1986; Clement et al., 2004 ) the response to precessional forcing in the tropics is likely to be somewhat independent of the glacial-interglacial variations, particularly in variables relating to the hydrological cycle. Nevertheless, even a small cooling of tropical and subtropical oceans would be enough to reduce the moisture content of the lower atmosphere, leading to reduced ascending motion and decreased precipitation. Also, the reduced land-sea temperature contrast during the LGM related to cooler conditions over the continent (e.g. Stute et al., 1995; Behling & Lichte, 1997) compared to the ocean (e.g. Niebler et al., 2003; Toledo et al., 2007) could have been responsible for a weakening of the SASM. 
The extent to which climate variability is driven externally by insolation changes or internally by feedbacks among climate system components is hard to determine. Although the role of oceanic feedback on monsoon intensity is still poorly understood, it is recognized that even small SST anomalies may have a significant impact on regional monsoons, because they occur in large areas in the tropics that may generate substantial forcing to atmospheric circulation (Liu et al., 2003b) .
Comparison with other proxy data
A drier early Holocene and wetter late Holocene have also been suggested by palynological records from SE Brazil (Behling, 2002; Behling et al., 2007) . However, unlike our record, palynological studies suggest a maximum expansion of grassland vegetation and a reduction of Atlantic rainforest and semideciduous forest during the LGM which, according to the authors, would be the response to cold and dry conditions . On the one hand, the disagreement between our record and the palynological data for the LGM could be partially explained by the fact that the oxygen isotopic record was of the species Globigerinoides ruber. Since the highest concentrations of G. ruber are associated with the summer months (Tolderlund & Bé, 1971) , our oxygen isotopic composition of seawater record is very likely representative of summer conditions, while the palynological record would represent an integration of all seasons. This is relevant because of the susceptibility of vegetation to changes in the seasonality of precipitation. For instance, in a study in the northwestern Brazilian Amazon forest, Bush et al. (2004) showed that forests in that area can be relatively resistant to changes in wet season rains but more susceptible to changes in dry season precipitation. Thus, we cannot expect a perfect correlation between pollen and G. ruber records.
On the other hand, another likely explanation for the apparent disagreement is the problem of the "no-analog" situation for the pollen data because of the changes in atmospheric CO 2 concentration (Crowley, 2000) . During the LGM, CO 2 concentration was considerably lower than in the late Holocene (ca. 180-200 ppm atmospheric CO 2 versus preindustrial values of 280 ppm; Monnin et al., 2001 ). Since C 4 plants (some grasses) possess a mechanism of concentrating CO 2 , they are favored by low CO 2 concentrations (Ehleringer et al., 1997) . For this reason, the decreased abundance of C 3 (i.e. leafy) plants during the LGM cannot be exclusively attributed to climatic variables (i.e. precipitation and temperature) (Huang et al., 2001; Mayle et al., 2004) . Instead, vegetational changes are a complex response to temperature, precipitation, seasonality, and CO 2 concentration changes.
The cause behind the disagreement between our estimates based on the oxygen isotopic values of Globigerinoides ruber and the estimates based on pollen analyses for the LGM is most likely a combination of both of the above factors. Changes in atmospheric CO 2 concentration prevent us from drawing direct conclusions about the precipitation regime based exclusively on pollen analyses, but there is also the drawback of the G. ruber record representing mostly summer conditions.
In addition to the palynological records from SE Brazil, we compared our results with those from studies on the hydrological changes at the South American Altiplano where precipitation is also dependent on the strength of the SASM. Although it is near the Pacific Ocean, the main moisture source for the northern Altiplano is the Amazon Basin to the north and east (Cross et al., 2001) . Paleorecords of the Altiplano (e.g. Baker et al., 2001a,b; Paduano et al., 2003; Tapia et al., 2003) as well as modeling studies (e.g. Cross et al., 2001 ) also agree on the large-scale control of southern tropical moisture conditions by austral summer-insolation influence on the SASM. Peak summer insolation in the Southern Hemisphere during the LGM induced increased precipitation which resulted in a deep, fresh, overflowing (Baker et al., 2001a) , and slightly larger than at present Lake Titicaca (Wirrmann & Mourguiart, 1995) . Farther south on the Bolivian Altiplano, a large, deep lake existed, where today it is the salt flat Salar de Uyuni (Baker et al., 2001b) , suggesting that despite the similar insolation intensity, LGM conditions were wetter than in the late Holocene or, alternatively, that monsoon precipitation significantly extended southwards during the LGM. An extensive dry phase in the early to mid-Holocene coincident with decreased insolation caused a lake-level drop of approximately 85 m (Rowe et al., 2003) . The peak of pollen concentration and of fire frequency at ca. 5.5 ka BP coincides with the estimate of lowest lake level (Paduano et al., 2003; Baker et al., 2001b) . Finally, the shift toward a strengthened summer monsoon occurred between 5 and 6 ka BP (Rowe et al., 2003) . After 4 ka BP, precipitation filled the Titicaca basin and overflow conditions were re-established (Tapia et al., 2003) .
The oxygen isotope record from SE Brazil speleothems also agrees with a dominant control of summer insolation on long-term seasonal changes over subtropical Brazil (Cruz et al., 2005a (Cruz et al., , 2006 . Today, the seasonal variations in the isotopic composition of rainfall over subtropical regions is related to seasonal changes in the relative contribution of precipitation from different sources, as shown by Cruz et al. (2005b) (Figure 1) . The incursion of extratropical air masses during winter to early spring brings relatively enriched moistures from the nearby Atlantic. On the other hand, during the summer monsoon, higher percentages of isotopically-depleted, continental moisture originating over the Amazon Basin are transported southeastward by a low level jet. Thus, an increase in monsoon precipitation is represented by decreased speleothem δ
18 O values. The oxygen isotopic composition of monsoon precipitation is further decreased because of the "amount effect," i.e., the correlation of the depletion of heavy isotopes with the amount of rain (Dansgaard, 1964; Gat et al., 2001; Vuille & Werner, 2005) . Data from IAEA station near core SAN-76, at Rio de Janeiro (~23°S), clearly show the significance of the amount effect at this location ( Figure 5 ) (Cruz et al., 2005b) .
Although the oxygen isotopic composition of seawater is mostly dependent on the hydrological balance (E-P PIVEL ET AL.
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budget), which explains its high correlation with sea surface salinity, it may also be influenced by changes in the isotopic composition of precipitation. Data from the IAEA station at Rio de Janeiro show that the oxygen isotopic composition of precipitation in the area of core SAN-76 varies seasonally from -2 to -6% (SMOW) ( Figure 5 ). As mentioned, the lowest values are related to the precipitation from the SACZ. This rainfall exhibits relatively low values of δ
18
O because it incorporates a higher fraction of depleted moisture that is transported from the distant Amazon Basin to the Brazilian subtropics by the South American low-level jet (Cruz et al., 2005b (Cruz et al., , 2006 . Also, the availability of depleted moisture from distal sources in this region tends to be proportional to the degree of rainout of 18 O over the Amazon Basin, which is enhanced during more intense phases of the summer monsoon (Vuille & Werner, 2005; Cruz, 2006) . This means that a more intense summer monsoon leads to increased precipitation and more negative δ
O values. Thus, if the oxygen isotopic composition of precipitation effectively influences the oxygen isotopic composition of seawater in this area, the effect would be in the same direction of the hydrological balance, and it would not interfere with our interpretation. Instead, it would simply amplify the seawater δ 18 O changes (increased precipitation-lower rainfall δ 18 O values-lower seawater δ 18 O).
CONCLUSIONS
This study reinforces the significance of foraminifera as climate proxies. Estimates of the oxygen isotopic composition of seawater in the western tropical Atlantic were obtained based on the isotopic composition of Globigerinoides ruber and changes in the faunal composition of planktonic foraminifera. These estimates showed significant changes since the LGM. Suborbital-scale changes were interpreted as the result of precipitation changes related to the intensity of the SASM which is governed by precessional forcing. In agreement with other continental data, our record suggests an intensified monsoon during the LGM and mainly during the late Holocene coinciding with maximum summer insolation and a weakened monsoon in the early Holocene. As expected, these records are in opposition to those from the northern hemisphere monsoons. 
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